Poly-(lactide-co-glycolide) (PLGA) is an FDA-approved biodegradable polymer which has been widely used as a scaffold for tissue engineering applications. Collagen has been used as a coating material for bone contact materials, but relatively little interest has focused on biomimetic coating of PLGA with extracellular matrix components such as collagen and glycosaminoglycan chondroitin sulfate (CS). In this study, PLGA films were coated with collagen type I or collagen I with CS (collagen I/CS) to investigate the effect of CS on the behaviour of the osteoblastic cell line MG 63. Collagen I/CS coatings promoted a significant increase in cell number after 3 days (in comparison to PLGA) and after 7 days (in comparison to PLGA and collagen-coated PLGA). No influence of collagen I or collagen I/CS coatings on the spreading area after 1 day of culture was observed. However, the cells on collagen I/CS formed numerous filopodia and displayed well developed vinculin-containing focal adhesion plaques. Moreover, these cells contained a significantly higher concentration of osteocalcin, measured per mg of protein, than the cells on the pure collagen coating. Thus, it can be concluded that collagen I/CS coatings promote MG 63 cell proliferation, improve cell adhesion and enhance osteogenic cell differentiation.
Introduction
Poly-(lactide-co-glycolide) (PLGA), i.e. a copolymer of polylactide and polyglycolide, is an FDA-approved material which undergoes hydrolysis to lactic and glycolic acid molecules, which can be removed from the body by the Krebs cycle, a normal metabolic pathway (Houchin and Topp 2008) . PLGA has been widely used as a scaffold material for bone tissue engineering (Goldstein et al. 1999 , Pamula et al. 2009 , van Eijk et al. 2008 ).
Surface modifications of scaffolds which encourage osteoblast attachment, proliferation, and differentiation should be advantageous for bone tissue engineering applications. One approach in surface modification is to mimic the extracellular matrix (ECM) of bone by coating implants with collagen, its main organic component. Collagens contain binding sites for osteoprogenitor cells, and, according to several publications, collagen coatings have improved osteoblast attachment, spreading and proliferation (Geissler et al. 2000 , Roehlecke et al. 2001 , Douglas et al. 2007 ). These positive effects of collagen coatings can be further enhanced by incorporating other components of the ECM of bone, such as glycosaminoglycan chondroitin sulfate (CS). CS is able to bind growth factors such as fibroblast growth factor (FGF) (Asada et al. 2009, Nandini and Sugahara 2006) , and CS bound to collagen I-based tissue engineering scaffolds has improved the proliferation of fibroblasts and chondrocytes (Zhong et al. 2005 , van Susante et al. 2001 . Combined collagen-CS coatings have also been applied on titanium for in vitro and in vivo experiments in order to improve the biological acceptance of Ti-based implants, their stability in bone, and the formation of new mineralized bone tissue around these implants (Bierbaum et al. 2006 , Rammelt et al. 2006 , Stadlinger et al. 2007 . Although collagen alone has been used to coat PLGA in the past (Qin et al. 2005 , to the best of our knowledge very little, if any literature is available on combined collagen-CS coating on PLGA and its effects on the behaviour of osteogenic cells. Recently, hybrid scaffolds made of PLGA incorporated with micro-sponges 4 containing gelatine, chondroitin sulphate and hyaluronic acid, and then crosslinked with transforming growth factor-β 3 , were successfully used for cartilage regeneration (Fan et al. 2010) . Nevertheless, a systematic study on adhesion, growth and osteogenic cell differentiation on PLGA with a combined collagen-CS coating is still lacking. Therefore, in this study, PLGA surfaces were coated with collagen type I with or without CS in order to investigate the effect of CS on the behaviour of the human osteoblastic cell line MG 63. The cell number, cell morphology, size of cell spreading area, formation of β 1 -integrin-and vinculin-containing focal adhesion plaques and β-actin cytoskeleton, and also the concentration of all these adhesion and cytoskeleton molecules, were evaluated and compared with the cell behaviour on pure PLGA films and on PLGA coated only with collagen I.
Materials and Methods

Production of PLGA films
The material used was a copolymer of L-lactide and glycolide (PLGA) with a molar ratio of L-lactide to glycolide 85:15. The material was bought from PURAC Biochem BV, 4206 AC Gorinchem, Netherlands, and had a molar weight of approximately 530 000 g/mol as determined by Gel Permeation Chromatography (data from manufacturer).
The PLGA scaffolds were produced using a solvent casting technique based on the method of Pamula and Menaszek (2008) . First, the PLGA granulates were dissolved in methylene chloride (CH 2 Cl 2 , Sigma-Adrich Chemie GmbH, 89555 Steinheim, Germany) with a weight ratio of 1/10 at room temperature in a closable glass jar to avoid evaporation of the methylene chloride. The inhomogeneous solution was mixed with a magnetic mixer until the PLGA granulates were dissolved. In the next step, the glass jar was put on a "roll mixer" so that the PLGA solution was spread evenly on the inside of the jar. After at least 6 hours the jar was opened to allow the methylene chloride to evaporate. After curing, the PLGA film could 5 be removed carefully from the glass; so it was possible to cut the PLGA film into circular samples 3.14 cm 2 in area and 2.0 cm in diameter using a hole punch.
HPLC analysis of chondroitin sulfate
Chondroitin sulfate A (CS A), also known as chondroitin-4-sulfate, (Cat. No. C9819, lot number 087k1416) was obtained from Sigma-Adrich Chemie GmbH, Germany. HPLC analysis as described by Viola et al. (2006) revealed that the mass percentage of iduronic acid present was 34.9% and that disaccharides were sulfated to 48.7% at the C4 position, to 44.4% at the C2 position and 6.9% at the CS position.
To analyse the composition of CS A, it was dissolved at a concentration of 1 mg/mL in 0.1 M ammonium acetate at pH 7.0. 100 µL (=100 µg) were treated with 10mU of chondroitinase ACII for 4 hours at 37°C, followed by 5 minutes at 95°C. 50 µL of the sample were lyophilized, while the remaining 50 µL were digested with 10 mU of chondroitinase ABC for 4°C, followed by 5 minutes at 95°C, and lyophilized. Chondroitinase ABC completely digests the GAGs, whereas chondroitinase ACII releases only glucuronic acidcontaining disaccharides. The different enzymatic activity of the two enzymes can be used to evaluate the iduronic acid content in GAGs as the difference between the total and the ACII derived disaccharides by applying the formula of Shirk et al. (2000) . The disaccharides obtained by the two digestions were derivatized as described by Calabro et al. (2000) . Briefly, 2 nmol of standard disaccharides or the CS disaccharide preparation were added to 40 μL of 12.5 mM aminoacridone (AMAC) solution in glacial acetic acid/dimethylsulfoxide (DMSO) (3:17, v/v) and incubated for 10-15 min at room temperature. A 40 μL volume of a freshly prepared solution of 1.25 M sodium cyanoborohydride in water was added to each sample, followed by overnight incubation at 37°C. An appropriate dilution of these samples in 0.1 M ammonium acetate at pH 7.0 was used for the HPLC analysis performed as described in the study by Viola et al. (2006) . A 10μL volume of the derivatized samples (1/10 of the total) was 6 run and compared to various concentrations of the standard disaccharides in order to analyze the disaccharide content and the iduronation degree in each glycosaminoglycan. HPLC analysis revealed that the mass percentage of iduronic acid present was 34.9%, and that the disaccharides were sulfated to 48.7% at the C4 position, to 44.4% at the C2 position and 6.9% at the CS position.
Preparation of collagen fibrils with and without chondroitin sulfate (CS), and coating PLGA with these fibrils
Fibrils and fibril coatings were formed on the basis of methods described in previous publications (Bierbaum et al. 2006 , Douglas et al. 2007 . Collagen from rat tail was obtained from BD Biosciences (product number 354236). One third of the PLGA samples were immersed, i.e. completely submerged, in 0.5 mL of a solution of collagen I (1 mg/mL collagen I in 0.01 M acetic acid with an equal volume of a buffer containing 50 mM sodium dihydrogenphosphate and 10 mM potassium dihydrogenphosphate at pH 7.4, to yield a final concentration of 60 mM phosphate in total). One third of the samples were immersed in a 0.5 mL of solution of collagen I with chondroitin sulfate (1 mg/mL collagen I in 0.01 M acetic acid with an equal volume of buffer containing 1 mg/mL chondroitin sulfate), and the remaining one third of the samples were uncoated. The coating procedure lasted 2 hours at 37°C. The coated samples were subsequently rinsed twice in phosphate-buffered saline (PBS). For determining the CS content using the dimethylmethylene blue (DMMB) assay, no PLGA disc was used. Instead, fibrillogenesis took place in microcentrifuge tubes 1.5 mL in volume (Eppendorf GmbH, Germany). The fibrils were subsequently separated from the supernatant using centrifugation for 15 min at 10 000 rpm. Supernatant and pellet were retained for analysis.
Determining collagen in a supernatant
The concentration of collagen in supernatants was measured using the BCA Assay (Thermo Scientific, # 23232), according to the manufacturer's protocol. A calibration curve derived from solutions of the respective collagen type in 10 mM acetic acid ranging between 0 mg/mL and 0.5 mg/mL and subjected to the same procedure enabled the collagen concentration to be determined. All experiments were performed 4 times. The mass of collagen in the pellet was calculated by subtracting the mass of collagen detected in the supernatant from the initial mass of collagen before fibrillogenesis.
Amount of collagen adsorbed to PLGA surfaces
The protein concentration adsorbed to PLGA was quantified using the Sirius Red method (Bierbaum 2006) . Briefly, samples were incubated in a saturated solution of picric acid with 0.1% of Sirius Red for 1 h at room temperature. After washing extensively with 0.01M HCl, the stain was dissolved in a defined volume of 0.1M NaOH and measured photometrically at 530 nm.
Determining CS by Dimethylmethylene Blue Assay
CS was quantified using a protocol that had been used previously (Douglas, 2007) .
Briefly, pellets in microcentrifuge tubes were resuspended in 0.5 mL of a 0.1 mg/mL papain solution in Hank's balanced salt solution (HBSS) using pulses from an ultrasound horn (UP 100H, Dr. Hielscher GmbH, Germany) at cycle 1 and 100% amplitude for 3 s. Thereafter, digestion took place at 60°C for 24 h. After digestion, 0.04 mL of the solution was transferred to a 96-well Nunc microplate and was reacted with 0.25 mL of a 1,9-dimethymethylene blue (DMMB) solution composed of 21 mg of DMMB, 5 mL absolute ethanol, and 2 mg sodium formate per 1 L with pH adjusted to 1.5 using 6 M HCl. The amount of CS was determined by measuring the absorbance at 590 nm and comparing it to a calibration curve consisting of CS solutions in HBSS with concentrations ranging from 0 mg/mL to 0.100 mg/mL. All experiments were performed three times.
Visualization of collagen and collagen/CS coatings on PLGA
The surface morphologies of PLGA coated with collagen and collagen/CS fibrils were observed using Field Emission Scanning Electron Microscopy (JEOL FESEM 6330) after gold sputtering.
Cell models and culture conditions
This study was carried out on human osteoblast-like MG 63 cells (European Collection of Cell Cultures, Salisbury, UK). These cells were chosen because they are considered to be an appropriate model of osteogenic cells including primary osteoblasts (Diederichs et al. 2010 , Zhang et al. 2010 . Although the cells were obtained during osteosarcoma surgery, they had retained markers characteristic for osteoblastic differentiation, e.g., activity of alkaline phosphatase, production of osteocalcin and production of collagen (Wang et al. 2006 , Diederichs et al. 2010 , Zhang et al. 2010 . The population of these cells is homogeneous, easy to cultivate, and gives reproducible results. MG 63 cells were successfully applied in our earlier studies (Grausová et al. 2009 , Pamula et al. 2009 ) and in studies by other authors (Amaral et al. 2008 , Mansell et al. 2009 , Misra et al. 2009 GmbH & Co. KG, Germany). The cells were cultured for 1, 3 and 7 days at 37°C in a humidified air atmosphere containing 5% carbon dioxide.
Cell number, morphology, focal adhesions and actin cytoskeleton
On day 1 after seeding, the cells were rinsed with phosphate-buffered saline (PBS; Sigma, USA), fixed with 70% frozen ethanol (room temperature, 10 minutes) and stained with a combination of two fluorescence dyes -Texas Red C 2 -maleimide (excitation maximum 595 nm, emission maximum 615 nm; Molecular Probes, Invitrogen, Cat. No. T6008; 20 ng/mL in PBS), i.e., a dye which conjugates with proteins of the cell membrane and cytoplasm, and with Hoechst #33342 dye, which stains the cell nuclei (excitation max. 346 nm, emission max. 460 nm; Sigma, USA; 5 μg/mL in PBS) for 2 hours at room temperature (Chen et al. 2008) . The number and shape of the cells on the material surface were evaluated on microphotographs taken under an epifluorescence microscope (Axioplan2, ZEISS, Germany) equipped with a digital camera (obj. 20) (AxioCam MRc5, ZEISS, Germany).
Microscopic glass coverslips were used as a control material.
On day 3 after seeding, the cells were subjected to immunofluorescence staining for On day 7 after seeding, when the cells reached high numbers and grew in multilayers, they were detached using trypsin-EDTA (Biochrom, Germany, Cat. No. L2153) in PBS for 10 min at room temperature, and the cell number was evaluated by counting in a Bürker haemocytometer under a light microscope (IM35, ZEISS, Germany, 10x). For each experimental group, 3 samples were used, and for each sample, 12 measurements were performed. Microscopic glass coverslips were used as a control material.
Evaluation of microphotographs
For each experimental group and time interval on day 1 and 3 after seeding, three samples were used, and from each sample 9 microphotographs (in total 27) were taken in randomly selected fields homogeneously distributed on the sample surface, and the cells were counted mechanically from these microphotographs using the Photoshop program (Microsoft Office).
Measuring the cell adhesion area
Cells stained with Texas Red C 2 -maleimide on day 1 after seeding were used for an evaluation of the size of the cell spreading area. The cells were photographed using a microscope (size of the captured area: approx. 8.63 × 10 -4 cm 2 ). The size of the cell area projected on the material was measured using Atlas Software (Tescan Ltd., Brno, Czech Republic). The cells that developed intercellular contacts were excluded from the evaluation.
For each experimental group, 3 independent samples (containing 100 to 150 cells in total)
were evaluated (Grausova et al. 2009 ). Microscopic glass coverslips were used as a control material.
Enzyme-linked immunosorbent assay (ELISA)
The concentrations of the following molecules per mg of protein were measured by ELISA in homogenates of MG 63 cells: integrin adhesion receptors with β 1 -chain, i.e., an important group of cell-matrix adhesion receptors on osteoblasts supporting their differentiation and sensitivity to the material surface properties (Wang et al. 2006) , integrinassociated focal adhesion protein vinculin, cytoskeletal protein β-actin, and osteocalcin, i.e., a non-collagenous calcium-binding ECM protein and an important marker of osteogenic cell differentiation.
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The ELISA analysis was performed on day 7 after seeding. The cells were rinsed with phosphate-buffered saline (PBS; Sigma, Cat. No. P4417), detached using trypsin-EDTA solution (Sigma, U.S.A., Cat. N° T4174, 10 min, 37 o C), resuspended in PBS and counted in a Bürker haemocytometer. The cells were then suspended in distilled and deionized water at a concentration of 10 6 cells/mL, and were kept in a freezer at -70° C overnight in order to facilitate cell lysis. The cells were then homogenized by ultrasonication for 40 seconds in a sonicator (UP 100 H, Dr. Hielscher GmbH), and the protein content was measured using a method originally developed by Lowry et al. (1951) and modified by Grausová et al. (2009) .
Aliquots of the cell homogenates corresponding to 100 µg of protein in 50 µL of water were adsorbed on 96-well microtiter plates (Maxisorp, Nunc) at 4°C overnight. After washing twice with PBS (100 µL/well), the non-specific binding sites were blocked by 0.02% gelatin in PBS (100 µL/well, 60 min.) and were again rinsed twice with PBS (100 µL/well). Primary experiments were performed in triplicate (i.e., 9 to 21 measurements were performed in total for each marker and for each material type).
Statistical analysis
The quantitative data is presented as mean ± S.E.M. (Standard Error of Mean). The statistical analyses were performed using SigmaStat (Jandel Corporation, U.S.A.). The multiple comparison procedures were carried out by the ANOVA, Student-Newman-Keuls Method. The value p0.05 was considered significant. Figure 2 shows the presence of fibrils on PLGA discs coated with collagen or collagen + CS. The coatings appeared to be homogenous, without areas lacking in fibrils. Coatings containing CS showed thinner, shorter fibrils in comparison to pure collagen coatings. The BCA assay showed that the mass percentages of collagen incorporated into the fibrils in the absence of and in the presence of CS are 94.5 ± 0.4 % and 98.4 ± 0.4 %, respectively. From the BCA and DMMB assays, the amount of CS in the collagen fibrils was calculated as 90 μg CS per mg of the collagen fibrils that were formed. Sirius Red analysis showed the amounts of collagen immobilized per disc to be 2.24 ± 1.67 μg in the case of collagen coatings and 2.32 ± 1.44 μg in the case of collagen + CS coatings.
Results
Characterization of fibrils and fibril-coated PLGA substrates
Cell number, shape and spreading area
Coating PLGA with collagen I and collagen I/CS did not lead to an increase in cell number after 1 day in culture in comparison with bare PLGA and the control microscopic glass coverslips. On collagen-coated PLGA, the initial cell number was even significantly lower (by 31 ± 5 %) than on bare PLGA ( Figure 3A) . However, on day 3 after seeding, the cell number on the collagen I/CS coatings was significantly higher than on bare PLGA (by 45 ± 14 %, Figure 3B ), and on day 7, it significantly exceeded the values on bare PLGA (by 50 ± 5%), on collagen-coated PLGA (by 47 ± 4 %) and on microscopic glass coverslips (by 69 ± 5; Figure 3C ). Collagen I alone did not cause a significant increase in cell number relative to bare PLGA. The spreading area after 3 and 7 days could not be evaluated due to intercellular contacts caused by cell proliferation and increased cell population density, which made it impossible to determine the cell edges accurately. Cytoskeletal protein β-actin was distributed homogeneously throughout the entire cytoplasm, forming filaments together with a granular pattern on all surfaces investigated (Figure 8 ). In the cells on microscopic glass coverslips and on bare PLGA, these filaments were fine; on glass, they were oriented in parallel, running between the opposite cellular edges, and on PLGA they rather formed a mesh-like network accompanied by fine granular structures. On PLGA with collagen, β-actin filaments formed relatively short, but thick and brightly stained bundles. After combination of collagen with CS, the filament bundles became shorter and were again accompanied by granular structures.
Concentration of β 1 -integrins, vinculin, β-actin and osteocalcin
ELISA revealed that the concentration of β 1 -integrins, measured per mg of protein, was highest in the cells on the bare PLGA samples, and were significantly higher than the cells on all other samples ( Figure 9A ). There is a certain discrepancy between the results and The concentration of cytoskeletal protein beta-actin was significantly higher in the cells on PLGA and on PLGA with collagen I/CS than in the cells on the microscopic glass coveslips ( Figure 9C ).
The concentration of osteocalcin, a marker of osteogenic differentiation of cells, was lowest on PLGA with collagen, while on collagen I with CS it increased significantly by a factor of almost two ( Figure 9D ).
Discussion
Collagen coatings on polymeric surfaces and scaffolds have been reported to promote the spreading of cells (He et al. 2005 , Keresztes et al. 2006 . However, the collagen I coating in this study did not increase the size of the cell spreading area significantly compared to bare PLGA ( Figure 5 ). Nevertheless, more pseudopodia were observed on PLGA surfaces coated with collagen and with collagen/CS (Figure 4 ). Pseudopodia are considered as an indicator of good cell adhesion, because they enhance the cell attachment to the substrate and ensure more intensive cell-substrate interaction (Zhu et al. 2004 ). In addition, on collagen I/CS, the cells were flat and polygonal, while on PLGA coated with collagen only, the cells were often elongated. This may be due to the fact that the fibrils in the collagen I/CS coatings were thinner, shorter and more randomly oriented than those in the pure collagen coatings, as revealed by SEM (Figure 2) , and also by our previous work (Douglas et al. 2007) . It is conceivable that such differences in the morphology of the material surface coating exert an influence on cell morphology. For example, long and relatively thick collagen fibres, often 
2006).
Immunofluorescence showed a more pronounced formation of vinculin-containing focal adhesion complexes on the collagen I/CS coatings than on the other surfaces, including those coated with collagen only (Figure 7) . CS in collagen coatings on titanium has been shown to improve the formation of focal adhesions (Bierbaum et al. 2006 , Douglas et al. 2007 ). This phenomenon may be due to binding of calcium ions, which are required for focal adhesion However, ELISA in our study revealed the highest concentration of vinculin in cells grown on non-coated PLGA. This could be explained by the fact that the conventional ELISA applied in this study measured the total amount of investigated molecules in the cells, i.e., not only those bound in focal adhesion plaques or cytoskeletal fibres, but also those present in cytoplasm and organelles, such as the Golgi complex. In accordance with this, Figure 7B clearly shows relatively bright anti-vinculin staining not only in the focal adhesion plaques, but also homogeneously throughout the entire cell. Selective (and thus more precise) quantification of the investigated specific molecules could be achieved by more specialized approaches, e.g., by using antibodies against phosphorylated antigens (Fonseca et al. 2004 , Wang et al. 2007 or by extracting molecules not bound to the membrane or cytoskeleton with the use of detergents, such as Triton (Ezzell et al. 1997, Sawada and Sheetz 2002) . A similar explanation could be applicable for the disproportion between the immunofluorescence staining and ELISA of β 1 -integrins (Figures 6 and 9) . The specific dot-like structures positively stained for β 1 -integrins were most apparent and brightest in the cells on collagen I/CS, while the concentration of β 1 -integrins was highest in the cells on bare PLGA.
Integrins with a β 1 chain form a large group of cell adhesion molecules which include receptors for collagen (integrins α 1 β 1 , α 2 β 1 , α 3 β 1 ), laminin (α 8 β 1 ), vitronectin (α v β 1 ) and fibronectin (α 4 β 1 , α 5 β 1 ). β 1 -integrins can also recognize chondroitin sulfate proteoglycans, or collaborate with these molecules in establishing and maintaining cell adhesion. For example, in astrocytoma U87 and COS-7 cells, β 1 -integrins bound to the C-terminal domain of PG-M/versican, an extracellular chondroitin sulfate proteoglycan (Wu et al. 2002) . In primary osteoblast-like cells isolated from rat calvaria, adhesion through β 1 -integrins was supported by surface chondroitin sulfates, and removal of these glycosaminoglycans resulted in a significant reduction in cell adhesion (Stanford et al. 1999) . In addition, a specific melanomaassociated chondroitin sulfate proteoglycan core protein, termed NG2, was found to cooperate with α 4 β 1 integrin in focal contact formation in human melanoma cells (Iida et al. 1995) .
Beta 1 integrins can colocalize with vinculin in focal adhesion plaques in various cell types in vitro as well as in vivo (Ramos et al. 1990 , Thibault et al. 2001 , Li and Sakaguchi 2002 . However, in our study, β 1 -integrins formed dot-like structures mainly in the central region of the cells (Figure 6 ), while vinculin was located in streak-like focal adhesions preferentially at the cell periphery (on glass, PLGA and collagen I), or on both central and peripheral region of cells (collagen I/CS) (Figure 7) . These results suggest that not all β 1 -integrins utilized vinculin for the signal transduction, and at the same time, vinculin may be associated with other adhesion receptors apart from β 1 -integrins, including receptors of nonintegrin type (Aarden et al. 1996) . A similar pattern was observed in chondrocytes cultured on 20 Thermanox plastic coverslips and on bioactive glass ceramics containing oxyfluoroapatite and β-wollastonite. On both material types, β 1 -integrins appeared in the form of round patches in the central part of the cells, while vinculin formed streak-like focal adhesion contacts at the cell peripheries in the cells on Thermanox and on the entire ventral cell membrane on the bioactive ceramics (Loty et al. 1997) . On the other hand, the highest concentration of β 1 -integrins in cells on bare PLGA, revealed by ELISA, corresponded with the highest concentration of vinculin, which was also found in the cells on bare PLGA (Figure 9 ).
As for β-actin, in the cells on glass coverslips, it was organized into fine, numerous and long filaments, arranged in parallel between the opposite cellular edges, while in the cells on collagen I and particularly on collagen I/CS, it formed thick but short and less numerous fibres (Fig. 9) . A similar pattern was observed in undifferentiated human mesenchymal stem cells (MSC) compared to MSC differentiating towards osteoblast phenotype. During osteogenic cell differentiation (measured by the activity of alkaline phosphatase and calcium phosphate deposition), the actin cytoskeleton changed from a large number of thin, parallel microfilament bundles extending across the entire cytoplasm to a small number of thick actin filament bundles located at the outermost periphery in differentiated cells (Rodriguez et al. 2004) . Similarly, in human trabecular bone-derived osteoblast precursor cells, thin actin stress fibres ran in parallel in the undifferentiated cells, while during osteogenic cell differentiation (induced by an osteogenic culture medium containing dexamethasone, ascorbic acid, β-glycerophosphate and 1,25-dihydroxyvitamin D3, and measured by the expression of mRNA for alkaline phosphatase, osteocalcin and collagen I), the actin cytoskeleton was reorganised, which resulted in thick non-aligned actin stress fibres (Born et al. 2009 ). Also in MG 63 cells, the osteogenic maturation, induced by lysophosphatidic acid cooperating with 1α,25-dihydroxyvitamin D3, was accompanied by an accumulation of well-developed actin stress fibres, which play an important role in the mechanical sensitivity and stability of cells (Mansell et al. 2009 ).
However, the results of our study are rather opposite. On the glass coverslips, where the actin filaments were thin, long and running in parallel, the osteogenic cell differentiation, measured by the concentration of osteocalcin per mg of protein, was highest, and on PLGA with collagen, where the actin fibres were relatively thick and short, the concentration was lowest. A possible explanation is that osteocalcin is not always an ideal marker for evaluating osteogenic cell differentiation. For example, Wolf (2008) 
2009).
Another study, in which poorly formed actin stress fibers were associated with osteogenic cell differentiation, was performed on human osteoblastic SaOs-2 cells in cultures on hydroxyapatite and titanium substrates. On hydroxyapatite, the cells displayed poorly formed actin stress fibres with weak polarity, whereas the cells on Ti possessed well-defined and polarized stress fibres. At the same time, the formation of mineralized nodules was more prominent on hydroxyapatite. This was explained by the release of calcium ions from hydroxyapatite and quicker cell settling on this substrate, which enabled earlier differentiation of the cells. In addition, the poorly developed actin fibres were attributed to the decrease in production of vinculin molecules after the cells become stably attached to HA (Goto et al.
2004).
As mentioned above, chondroitin sulphate can bind calcium ions (Bierbaum et al. 2006 , Douglas et al. 2007 , which are required for osteogenic cell maturation (specifically for bone matrix mineralization). In accordance with this, the addition of CS to collagen significantly increased the concentration of osteocalcin (i.e., a calcium-binding protein) in MG 63 cells in comparison with pure collagen I ( Figure 9D) . Similarly, the collagen I/CS coating on the PCL scaffolds induced osteogenic differentiation of human MSCs without addition of differentiation supplements into the cell culture medium (Rentsch et al. 2010) . In addition, the mechanism by which CS acts on osteogenic differentiation may involve the affinity of factors promoting osteogenic cell differentiation, such as fibroblast growth factor-2 (FGF-2) and bone morphogenetic proteins, e.g. BMP-4, to CS (Ling et al. 2006 , Miyazaki et al. 2007 , Stadlinger et al. 2008 ).
Last but not least, osteogenic cell differentiation is influenced by the hardness of the adhesion substrate. On hard polyacrylamide gels (E = 25 to 40 kPa), human mesenchymal stem cells (MSCs) differentiated towards osteoblastic phenotype, while on softer gels of E = 8 to 17 kPa and E = 0.1 to 1 kPa, the MSC acquired myogenic and neuronal phenotype, respectively (Engler et al. 2006 , for a review, see Rehfeldt et al. 2007) . In agreement with these findings, MG 63 cells on microscopic glass coverslips contained on average the highest concentration of osteocalcin (Fig. 9D) . At the same time, these cells contained on average the lowest concentration of β-actin (Fig. 9C) , which corresponds to studies reporting a negative correlation between osteogenic cell differentiation and assembly of an actin cytoskeleton.
Thus, the results of this study and of studies by other authors show that the correlation between the status of the actin cytoskeleton and osteogenic cell differentiation is complex and not yet fully understood, and thus requires further systematic studies.
Conclusion and further perspectives
It has been shown that CS in collagen I coatings on PLGA improved the proliferation of the osteoblastic cell line MG 63, and also specific markers of cell adhesion, manifested by the formation of pseudopodia and well-developed vinculin-containing focal adhesion plaques. 
